Abstract: Measuring and representing light reflection and transmission accurately are core to high fidelity visual simulation of materials. In this paper, we analyze state-of-the-art Bidirectional Scattering Distribution Function (BSDF) measurements and models. We show that the most of the state-ofthe-art BSDF models do not suggest a general solution for any surface class, from glasses to metals, isotropic to anisotropic materials, and daylight redirecting films. Furthermore, it's shown that an accurate and dense BSDF acquisition is not a trivial task at especially some specific measurement angles, such as normal incidence and grazing angles. In this paper, we address the problem of finding a general solution for efficient BSDF measurement and representation. We also outline the main issues that do not allow the effective use of current BSDF representations. Finally, we suggest open research issues that need to be investigated in BSDF literature.
Introduction
Data acquisition process often yields noisy, irregular and sparse measurements, especially when higher dimensional data needs to be measured (i.e., anisotropic measurements). Furthermore, some data acquisition systems [4] do not allow measurements at some specific measurement angles, such as normal incidence and grazing angles. This is another reason for sparsely measured data. Therefore, representing sparse, irregular and noisy measurements with a material model accurately is an open challenge.
Analytical BRDF models [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , BTDF models [1, 6, 18] and BSDF models [1, 6, [18] [19] try to represent measurements with a few parameters. But, analytical models fail to fit some material types (i.e., structured glasses). Data-driven based representations [2, [20] [21] [22] [23] are more successful to represent real-world materials. However, datadriven based representations pose some difficulties when measurements are sparse, irregular and noisy.
In this work, we investigate state-of-theart BSDF measurements and models. We expose advantages and disadvantages of the investigated BSDF measurements and models. We also summarize the main challenges that do not permit the effective use of the most of the state-ofthe-art BSDF representations. We focus on the problem of finding a general framework for an accurate and efficient BSDF acquisition and representation. Finally, we propose open research issues that need to be investigated in BSDF literature.
An Analysis of BSDF
This section can be decomposed to the following two subdomains: an analysis of BSDF acquisition systems and an analysis of BSDF representations.
2.1.
An analysis of BSDF measurements One of the most popular BRDF database is the MERL MIT database. BRDFs in the MERL MIT database have been acquired by Matusik et al. [2] . This database was constructed by using an image-based BRDF measurement setup, which can be seen in Figure 2 (a). Matusik et al.'s measurement setup captures isotropic BRDF data by a series of photographs taken from a surface of a sphere. These photographs include light reflection data from various view and light orientations [24] . The MERL MIT database consists of 100 different isotropic BRDF measurements which include highly dense and regular samples. In the MERL MIT database, each material is represented by Rusinkiewicz coordinate system [25] , which is known to represent highly specular peaks more effectively than the standard coordinate system. There are 1.458.000 measurements for each material and these measurements are suitable for direct rendering. Therefore, this database has been used by many researchers [16, [22] [23] [26] [27] for validation, experimental analysis and comparison purposes.
Ngan et al. [26] -based BRDF acquisition setup, which is suitable for flat and flexible samples. To make anisotropic measurements, strips of materials at different orientations are wrapped around a cylinder, which can be rotated by a high precision motor. A series of photographs is taken by a fixed camera through rotating a light source and the cylinder. To form an HDR image, a set of 8 pictures with different exposures is taken for each light and target position [24] . The renderings of the measured anisotropic materials using Kurt plano-convex lens, which is a nearly hemisphere, and it's cemented to the back of the sample (see Figure 4) Gu et al. [28] made some measurements from 30 different transparent materials which include contaminants, such as dust, dirt and lipids. In this image-based measurement process, Gu et al. [28] estimated the optical thickness and the scattering parameters of their proposed BSDF model. To measure these parameters, Gu et al. used two different measurement setups, which can be seen in Figure 5 . To capture the spatially varying optical thickness ( , ), Gu et al. used a shadow map generated by attenuation from the contaminant layer. As it can be seen in Figure 5 (a), the projector illuminates a thin transparent material which includes a contaminant layer. There are a Lambertian board behind the material and a camera on the side. The intensity of each point in the shadow map and the intensity in the clean regions of the transparent materials were used to estimate the spatially varying optical thickness parameter ( , ), which can be formalized as follows: 
where ( , ) is the image intensity of the point ( , ), is the image intensity in the clean regions of the measured glass. To capture the scattering parameter , Gu et al. used a similar measurement setup to the previous one, except in two places (see Figure 5 (b)). Firstly, they used a laser beam instead of a projector. Secondly, they used a transparent material with a uniform contaminant layer. When the laser beam hits the contaminants, it scatters towards the Lambertian board and generates a lobe pattern on the board. Gu et al. used the lobe pattern to estimate the scattering parameter of their proposed BSDF model. This estimation is based on the following formulation:
where is a scale factor, ( , ) is the Henyey-Greenstein phase function, is the angle of the scattered ray from the normal, is the scattering parameter, is the optical thickness parameter (see Eq. (1) Figure 11 ) and rice paper. In this process, Dai et al. used a camera-CRT monitor system to capture 2D BTDF slices at each surface point. At each surface point, 2D BTDF slices are acquired by illuminating the material samples from back with CRT monitor and capturing the images from one view. A white dot on a black background on the CRT monitor is displayed at different screen positions to produce a point light source at different locations. Dai et al. [18] selected CRT monitor instead of LCD monitor, because its radiance is more uniform with changing the viewing angle. The camera's position and orientation (an angle of = 45° from vertical axis) are fixed, and they are calibrated before data capturing. The captured 2D BTDF slices are interpolated to a regularlysampled hemispherical function and the dual microfacet model is fitted at each surface point. In the fitting process, the weighting factor and the Microfacet Normal Distribution Function (NDF) terms of the dual-microfacet model are estimated. However, this camera-CRT monitor system and the dual-microfacet model cannot be used to represent whole BSDFs of transparent materials.
Apian-Bennewitz [4] made BRDF, BTDF and BSDF measurements by using pgII gonio-photometer, and he constructed an open source BME database from these measurements.
Images of some measured isotropic translucent materials can be seen in Figure 6 . As it can be seen in Figure 2 (b), pgII gonio-photometer consists of a sample holder, a light source and a detector. A variety of sample holders can be used depending on the material. Light sources are mounted on a standard optical bench, including collimating optics and custom baffles. The detector is mounted at the end of a linkage consisting of two light weight arms, and it's moved fast at a constant distance around the sample center. While pgII gonio-photometer allows many outgoing angle measurements, it allows only a few number of incoming angle measurements. Because of this reason, measurements from BME database are irregular and sparse, and they must be preprocessed before representing and rendering measured translucent materials.
Papas et al. [1] measured 3 different isotropic BSDFs from homogeneous translucent paper materials by using an image based measurement setup, which can be seen in Figure 7 . The renderings of these isotropic materials using Papas et al.'s [1] BSDF model and the real photographs of these materials can be seen in Figure 1 . Papas et al. used the same parameterization (0°≤ < 90°, 0°≤ < 90°, and 0°≤ < 180°) as Matusik et al. [2] in their measurements. Papas et al. performed full hemispherical BRDF measurements and in-plane BTDF measurements in 10 degree increments and 5 degree increments, respectively. The measured paper materials are illuminated from their front surfaces with a 150-watt quartz halogen bulb with DC regulated output. A CCD camera is positioned to front surface and back surface of paper materials for acquiring BRDFs and BTDFs, respectively. A set of 5 images are acquired and averaged to remove random noise for each shutter speed stop. The resulting image is then subtracted from a black image which visualizes a fixed pattern noise for that shutter speed. Papas et al.'s BSDF dataset is sparsely measured, and these BSDF measurements are not suitable for datadriven based BSDF representations. They must be preprocessed before they can be represented by a suitable BSDF representation.
An analysis of BSDF models
Noisy, irregular and sparse reflectance and transmittance measurements can be represented by analytical BRDF models [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , BTDF models [1, 6, 18] or BSDF models [1, 6, 18] . However, this kind of irregular and sparse measurements cannot be represented by any datadriven material models.
Ngan et al. [26] have experimentally validated that BRDF models, which include Fresnel term [29] , can represent the measurements at grazing angles and normal incidence more accurately than its competitors. To compute Fresnel term, Ngan et al. [26] used Schlick's approximation, which is formulized as: Figure 8 . In Figure 8 , the Peak Signal-to-Noise Ratio (PSNR) values [30] and difference images are also reported to see differences between the BRDF representations. Although, analytical BRDF models can represent a large number of materials, they cannot represent all materials quite well [26, 27] 
where 
To compute 1 (•) and (•), we use the following GGX distribution:
where + ( ) is the positive function, which equals to one if > 1 and zero if ≤ 0, and is width parameter for the transmitted side of the surface. In this process, we followed Ngan et al.'s [26] fitting procedure. We apply a constrained nonlinear optimization technique, estimate , , , 0 terms nonlinearly by using a constrained minimization algorithm. term is computed analytically as a subprocedure based on a linear least square optimization. To optimize fitting results for finding a global minimum, we restart the optimization with a different set of initial guesses and we take a set of parameters which leads the minimum 2 error. As it can be seen in Figure 9 , Walter et al. BTDF model can be used to represent transmission of isotropic rough glass materials.
Gu et al. [28] extended Hanrahan and Krueger's [31] multilayered surface model to represent BSDFs of transparent materials, which include contaminants, such as dust, dirt and lipids. Gu et al. [28] tried to represent a thin transparent slab with a contamination layer. Therefore, Gu et al.'s [28] BSDF model includes the following components: mirror reflection at the surface of the contaminant layer (BRDF), mirror reflection at the surface of the transparent layer (BRDF), single scattering of the contaminant layer (BRDF), single scattering of the light reflected from the transparent layer (BRDF), transmission of the incident light at both layers (BTDF) and scattering into the transparent layer (BTDF). Gu et al.'s BSDF model has 4 parameters, namely, the optical thickness of the contaminant layer, which is parameterized by the surface location (see Eq. (1)), the mean cosine of the scattering angle (see Eq.
(2)), the albedo of the contaminant layer, the refractive index of the contaminant layer. As it can be seen in Figure 10 , Gu et al.'s BSDF model can be used to represent transparent surfaces that include contamination. However, Gu et al.'s BSDF model cannot be used to represent spatial variation of blurring and anisotropy, which can be seen in Figure 11 . Dai Heitz et al. [19] proposed an analytical microfacet-based BSDF model, which accounts for microsurface single and multiple scattering terms. Heitz [25] as this coordinate system helps to represent specular highlights more accurately. However, none of these data-driven BRDF representations can represent noisy, sparse and irregular measurements. Therefore, noisy, sparse and irregular measurements need to be preprocessed before they can be represented with a data-driven based representation. Additionally, these data-driven BRDF representations cannot be used for modeling transmission measurements.
Results and Suggestions
We found several key issues as a result of our investigation in BSDF literature. In this section, we'll discuss these key issues. Then, we'll suggest some research topics, which could be important contributions to BSDF literature.
One of the key issues is filling noisy, sparse and irregular measurements, as many data-driven based BSDF representations, such as Matrix-based BSDF representation and Tensor tree BSDF representation [35] , require noisefree, continuous and regular BSDF measurements. Recently, Ward et al. [38] proposed an interpolation technique for filling a sparse set of incident angle BSDF measurements.
The proposed interpolation technique is based on a Lagrangian mass-transport solution [39] and it fits a set of radial basis functions to each measured distribution, which allows to interpolate between sparse incident directions. The proposed interpolation technique is especially suited for anisotropic BSDFs, because anisotropic BSDF measurements generally include many holes and noise. As it can be seen in Figure 14 , Ward et al.'s [38] interpolation technique is better than a naive linear interpolation. For efficient rendering and simulation, interpolated data can be converted to a standard BSDF representation, such as Tensor tree representation, and it can be used in a model free framework [35] . However, both Ward et al.'s data-driven BSDF framework [35] and interpolation technique [38] must be properly validated and compared with existing techniques in order to become common standards in computer graphics community.
Another key issue is creating a general framework for sharing and rendering measured BSDFs. Accordingly, Ward et al. [35] proposed an XML representation and an Open Source C library to support BSDFs in rendering applications. The proposed library allows for the efficient representation, query and Monte Carlo sampling of real-world BSDFs in a modelfree framework. The proposed library includes two data-driven based BSDF representations: Matrix-based BSDF representation and Tensor tree BSDF representation. Matrix based BSDF representation has advantages for certain matrix operations. On the other hand, Tensor tree BSDF representation has an adaptive density which helps to represent highly peaked data more accurately. As it can be seen in Figure 13 , Tensor tree BSDF representation provides a more accurate representation of measured BSDF data than Matrixbased BSDF representation. Furthermore, Ward et al.'s [35] proposed library helps to handle advanced schemes such as Complex Fenestration Systems (CFSs) which have been designed to convey daylight in specialized ways, such as prismatic glazings, holographic films, daylight redirecting films and specular louvers. Simulating CFSs correctly is especially important to modern building designers. As it can be seen in Figure 15 , CFSs can be simulated more correctly when the data-driven BSDF representation is used as a proxy for detailed geometry. In this setting, the geometry is used for direct views and shadow testing and the datadriven BSDF representation is used for characterizing light reflected and transmitted by the CFS.
Although, a popular database for BRDF measurements is presented by Matusik et al. [2] , there is a need of a similar database for BSDF measurements, which can be used for validation, comparison and simulation purposes. Some BSDF representations [19] are only validated on simulated data in the absence of such a well-known BSDF database. A similar situation is valid for existing data fitting and visualization tools. There are a few available data fitting and visualization tools for BRDFs, such as BRDFLab [40] , BRDF Explorer [41] , and ALTA Library [42] . BRDFLab [40] allows to display analytical, measured and simulated BRDFs, fit any measured BRDF to a combination of analytical models, realtime rendering with point light or environment map light sources. BRDF Explorer [41] allows to compare analytical BRDF models with measured BRDF data, real-time editing of parameters, and visualizations in Rusinkiewicz coordinate system [25] . ALTA library [42] allows rational [23] fitting of measured BRDFs, non-linear fitting of measured BRDFs to an analytical BRDF model, and statistical analysis of BRDF data. We think that such similar data fitting and visualization tools are needed for BSDFs as well. There are only some implementations for data Figure 15 . (a) A venetian blind system was rendered using a 145 × 145 Klems matrix representation. (b) was rendered using a tensor tree representation with 3 × the resolution of the Klems matrix data. (c) was rendered using a BSDF surface as a proxy for detailed blinds geometry. We can now see all details and the striped shadows (images from [35] ) fitting and visualization of BSDFs in RADIANCE [43] . RADIANCE [43] allows to interpolate measured BSDF data, represent measured BSDF data with data-driven BSDF representations [35] , and compare fitting results with BSDF measurements. We believe that much more data fitting, editing and visualization tools are still needed for BSDF models and measurements.
Conclusions
In this paper, an analysis of the state-ofthe art BSDF measurements and representations has been presented. The strengths and the weaknesses of the investigated BSDF measurements and representations have been discussed. We have showed that the most of the state-of-the-art BSDF models do not suggest a general solution for any surface class, from glasses to metals, isotropic to anisotropic materials, and daylight redirecting films. Furthermore, we have summarized grand challenges and key issues in BSDF measurement and representation. We hope that this short outline of the key issues encourages researchers to focus on these issues, and helps to advance BSDF measurement and representation.
Indeed, there is a need for a huge database that includes variety of BSDF measurements. We think that both researchers and designers will use such a database for comparison, validation and simulation purposes. In the future, we're planning to help this process by measuring various translucent materials and providing them with a suitable BSDF library. In BSDF representation side, there is a need for an accurate interpolation technique and an efficient BSDF representation. Extrapolating BSDF data at grazing angles and modeling backlit appearance are other big challenges and they should be carefully handled. In the future, we're also planning to investigate an accurate BSDF representation that handles these challenges quite well. Figure 1 and Figure 7 ; Özkan Anıl Töral and Tanaboon Tongbuasirilai for proofreading the paper; and the anonymous reviewers for their constructive comments. Author would also like to thank all the co-authors of the papers discussed here, as well as other collaborators that have helped when preparing this work.
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